Abstract -In this paper, a new method to interface with a piezoelectric sensor for quasi-static force measurement is proposed. Using the so-called digital charge amplifier (DCA), the output signal from the sensor is sampled and integrated using digital techniques that include a drift compensation algorithm. The algorithm continually monitors the sensor output and estimates bias errors that will cause the output to drift. Analytical and simulation results are used to show that the DCA yields a sensor response that is free of drift and has a better low frequency response compared to drift-free analog techniques. Hardware results are used to validate the practicality of the approach.
I. INTRODUCTION
Over the past several years, there has been an interest in using electric brake systems to replace traditional hydraulic systems on aircraft and passenger vehicles. Electric brakes provide advantages that include operability in subzero climates and the elimination of a potential environmental contaminant (brake fluid). For safe operation of an electric brake, the system requires a clamp-force feedback that is durable, easy to implement, and inexpensive. In recent years, the use of piezoelectric materials for force (torque) sensing has been demonstrated in electric drives. For example, in [1] , piezoelectric material is used for sensing torque-ripple-induced vibration. In [2] it is shown that torqueripple-induced-vibration can be used to sense the rotor position of a PMSM.
Herein, extensions to [1] and [2] are explored. Specifically, a goal has been to evaluate whether a piezoelectric material can be used to determine average force, and quasi-static forces that are typical of a brake application. In general, piezoelectric materials have not been applied for applications in which force is applied for periods of time of many seconds/minutes. This is in large part due to required integration that is necessary to convert voltage from the sensor to a value of force. Analog based circuits constructed for the integration have tended to drift-leading to large sensor errors.
In this research, a digital charge amplifier has been created that, when coupled to the piezoelectric sensor, effectively eliminates problems associated with drift. In other words, digital based techniques have been used to enable quasi-static force measurement using a piezoelectric material. A tradeoff encountered when applying the DCA is that the upper bandwidth of the sensor is reduced. The development of the DCA and the exploration of the tradeoffs are considered herein.
II. PIEZOELECTRICS AND ANALOG CHARGE AMPLIFIERS
Prior to describing the DCA, it is appropriate to provide some background on piezoelectrics and traditional circuits used for interface to the material. Under stress, an electrical polarization takes place within a piezoelectric material. By placing electrodes on the surface of the polarized material, free charge within the electrodes can move in response to the polarization, yielding a means to convert stress into electrical energy. As a first approximation, it is assumed that the charge produced is linearly proportional to the applied stress or force.
Q Force ∝ ( 1 ) A representation of a piezoelectric film material in which an applied force that compresses the device is shown in Figure 1 . The equivalent circuit in Figure 2 shows a charge source that is defined to be proportional to the applied force. The capacitor, inherent to the device, functions as a storage device (since it is the location of the electric field) and yields a voltage equal to charge divided by the capacitance. The resistance is due to the nonzero conductivity of the dielectric. Therefore, the voltage present across the terminals of a piezoelectric device will always decay to zero. Without compensation, this restricts the use of a piezoelectric material for measuring dc or slowly varying force inputs.
A charge source is not a typical circuit element. Therefore, it is more convenient to use a standard voltage or current source. Since the definition of current is the time rate flow of charge, one can simply substitute the charge source for a dependant current source. This is shown in Figure 3 .
A Low-Cost Force Sensor for Electromechanical Actuation Systems In 1950, W.P. Kistler [3] introduced the charge amplifier to provide a means to process the resulting change in charge. An ideal charge amplifier is shown Figure 4 . Therein, an operational amplifier is configured as an integrator using a negative capacitive feedback. Assuming that the op amp is ideal, the voltage potential from the inverting to non-inverting input is zero. This implies that the voltage across the sensor is keep at zero. 
Ideally, the input current of the op amp is zero in which case the capacitor current is then
Since the inverting input is virtually referenced to ground, the output of the circuit is equal and opposite to the voltage present on the feedback capacitor. The output voltage is therefore
Thus, the charge amplifier integrates the short circuit current developed by the sensor. The second term to the right hand side of the equal sign in (4) represents the initial condition or voltage present on the feedback capacitor.
Charge amplifiers have greatly increased the number of practical applications of piezoelectric sensors, particularly for measuring quasi-static forces. However, despite numerous advantages, charge amplifiers create a host of implementation issues. The most significant is the problem of drift.
Drift in charge amplifiers is defined as the tendency of the output voltage to slowly increase or decrease over time [3] , [4] . A drifting output is not a function of the applied stress and is therefore undesirable. Using an op amp, drift will continue in either direction until the output is saturated. Drift is a problem for any integrating system exposed to non-zero biased inputs. Presently, there are two methods used to circumvent drift in an analog charge amplifier: a reset switch or a time constant resistor.
In practice, the reset switch depicted in Figure 4 is closed until the applied force is known to be changing. This stops all integration due to drift. However, it also forces the output to zero. In addition, it creates a phenomenon referred to as "operation jump." Specifically, after the switch is released, it is common for the output to jump or shift in value [3] . Two sources are blamed for the jump: the operational amplifier's inherent noise and any residual charge on the reset switch.
An alternative to the reset switch is to insert a resistance in parallel with the feedback range capacitor. If one inserts a resistance r R , the transfer function of the circuit can be expressed as 1
Considering (5), one can see that the resistance adds a frequency cut off that is set by the value of R r . Typically, the resistance is chosen to be sufficiently large to overpower drift.
III. DIGITAL CHARGE AMPLIFIER TOPOLOGY
A new concept for measuring the charge yielded by a piezoelectric sensor has been created that improves upon the idea of an analog charge amplifier. As will be shown, this method also removes the problem of drift in the system output, but does so more efficiently than an analog charge amplifier. The main difference between the two methods is where the integration takes place. For the analog system, the feedback capacitor integrates the charge. The DCA performs integration numerically after digital sampling the short circuit current.
The analog version of the charge amplifier actively maintains zero voltage potential across the sensor and therefore removes the dependence on extremely high insulation resistance in the sensor and cable. In a similar manner, the DCA passively shorts the sensor terminals as shown in Figure  5 . In part (a) of the figure, the sensor is ideally shorted. A practical method, however, employs the shunt resistor illustrated in part (b).
From Figure 5 , it can be seen that this short circuit current is proportional to the time derivative of the applied force. Integrating the short circuit current then provides the calculated force as The constant I k is a gain that is a function of the piezoelectric sensor, and its value is found experimentally while calibrating the system. For simplicity here, the continuous time equations are displayed. In actuality, the measured signal is sampled and integrated in discrete time. If a shunt is used, then (6) can be modified to yield
Here, the constant k v is related to k I by
The second term to the right hand side of the equal sign in (6) and (7) represent the initial condition. Similar to the analog charge amplifier, the zero point of reference is arbitary. The DCA uses lines of code to reset this value rather than a physical switch. Measurement of the short circuit current can be accomplished readily using a shunt resistor. Figure 6 shows an example of the measurement chain. A unity gain op amp provides impedance buffering while the RC network afterwards provides a low pass filter before the analog to digital converter (ADC) samples the signal. An approximate equivalent circuit of the measurement chain above including the connecting cable and input impedance of the op amp buffer is shown in Figure 7 . The shunt resistor value is chosen as small as possible such that the other insulating resistances are insignificant. It must also be large enough to produce a measurable voltage from the very low amounts of current. Typically, one would think of a shunt resistor having a value of less than an Ohm. From experimental tests, a value of 100 k proves to be quite satisfactory. Despite the large resistance, the shunt is still several orders of magnitude smaller in resistance than the insulating resistance of the sensor and cable which is usually in the T range [3] . Using the shunt resistor designed to be the only significant resistance, the equivalent model becomes that of Figure 8 . The equivalent capacitance imposes a high frequency roll off with a cut off frequency of 1 2
where eq C is the parallel combination of the sensor and cable capacitance. Using a 2 cm square piece of PVDF film [5] with a thickness of 110 m, the sensor capacitance is roughly 390 pF. With one half meter of coaxial cable and a rating of 100 pF/m, an additional 50 pF is added. The upper cut off frequency in this situation would be around 3.6 kHz. Other high frequency limits such as the sampling rate will define the overall bandwidth of the system. For frequencies well below this cut off however, the voltage, V I , present across the shunt proportionally represents the short circuit current of the sensor. In order to bring the continuous analog voltage, (V I in Figure  8 ) into the discrete digital world, an analog to digital converter (ADC) is employed. It is important to note that the sensor produces positive and negative voltages depending upon the sign of the change in force applied. Therefore, the ADC in this figure is required to measure bipolar voltages. If the ADC measures only positive voltages, additional op amps can be inserted before the ADC to apply a dc offset as well as amplify the signal further. Any subsequent dc offset can be removed in software. The Nyquist rate defines a hard limit on the minimum sampling frequency required to fully reconstruct an original signal. To restrict a maximum frequency before sampling, an RC filter is inserted prior to the ADC. This filter controls the dominant higher frequency limit of the system. Thus far, the DCA has not shown any benefit over an analog charge amplifier. In fact, the upper frequency of the system has already been lowered to eliminate aliasing. If the sampled signal is directly integrated, the same pitfall of drift creeps into view as with the analog version. The simplicity of removing this error in software makes the DCA a strong alternative. Indeed, digital techniques, or hybrid-approaches for drift-free integration have been considered in other sensor applications [6] - [7] .The next sections cover some alternative methods of bias estimation and elimination prior to arriving at a final approach developed for the force measurement application.
IV. ESTIMATING BIAS ERROR
In general, the bias error results in a calculated output voltage that takes a form
V t is the resulting voltage offset due to bias. Estimating the bias error superimposed on the measured short circuit current of a piezoelectric sensor in a DCA system can be approached using several different methods. Herein, three approaches are considered to establish V bias in (10).
LPF BIAS ESTIMATOR
The simplest estimation of the bias is to consider only the low frequency content of the input signal. This is achieved by inputting the sensor signal into a low pass filter (LPF) that has a very low cut off frequency. When this bias is subtracted from the original signal, only the higher frequency content remains. In this way, the method functions as a high pass filter in order to remove the bias errors. Figure 9 shows the bias estimator inserted prior to the integrator. The input is the short circuit current of the sensor. The first filter is the sampling filter prior to the ADC and has the associated time constant of a . The sampled voltage, V I , is then scaled by k v according to (8) . From this, the estimated bias value is created using the low pass filter with the time constant b . Last of all, the bias value is subtracted away, and this signal is integrated numerically. It is noted that the block diagram is considered with continuous signals rather than discrete signals for simplicity. This is a reasonable approximation if the signal is sampled sufficiently fast. The transfer function of this system is therefore approximated as ( )
Remembering that the short circuit current is assumed to be the derivative of charge yields
From this point on until the end of the section, a simulated load force will be used to test the performance of the various bias estimation methods. A ramp up to 2,000 lbs and then ramp down to zero is depicted in Figure 10 . This is consistent with the forces observed in an electric brake application. The force is then held constant at zero for a remaining 40 seconds. The sampling rate is 1 kHz. The time derivative of this signal is shown in Figure 11 . A pure integration of the signal in Figure 11a would yield the original force from Figure 10 . Figure 11b shows the signal corrupted using a Gaussian random noise with a standard deviation of 25 lbs/s and a constant increasing slew rate of 2 lbs/s 2 . The relatively high slew rate helps to accentuate the performance differences between the bias estimation methods. Figure 12 displays the resulting calculated force using the LPF method. Three different time constants of ½, 5 and 50 seconds were selected for b . For the sampling rate of 1 kHz, these values correspond to 500, 5 k and 50 k samples, respectively. From Figure 12 , it can be seen that the long time constant provides the best transient response, but suffers a significant drift in the remainder of the study. The short time constant provides the least amount of drift in the output, but has a poor transient response. 
SWITCHED LPF BIAS ESTIMATOR
For any time constant using the LPF method above, the bias estimate is affected by the transient conditions due to the applied load. However, if the transients can be detected, a different time constant can be switched in place to provide better bias estimation during these transitions. If a transient in the short circuit piezoelectric current has a significantly large amplitude change in the signal compared to the random noise and slew that corrupts it, detection then involves watching for signals that leave a user defined noise margin. The expression ( ) ( ) ( )
13) defines the difference to be the absolute value of the measured piezoelectric current minus the present bias estimate. Equation (13) is used to select which time constant should be used for b . Specifically, defining the noise margin as nm
The short time constant, 2 , can be optimized to track the bias and produce an acceptable amount of drift.
It is important to note that drift is not completely eliminated using this method, but can be significantly attenuated. The long time constant, 1 , is set very long. In the following study, it is set to infinity. This means the bias value does not change at all during a transition period. Figure 13 combines the switched LPF bias estimator with the DCA. The result of applying the switched LPF bias estimate for the simulated force shown in Figure 11b is shown in Figures 14  and 15 . For these studies, two time constants were applied. Figure 14 shows the calculated force over the whole study while Figure 15 shows two zoomed-in views. From Figure 15 , one can observe that the longer time constant produces a better transient response than the shorter one. It can be seen from Figure 15a that the shorter time constant bias estimation jumps up quickly before transferring to 1 . This produces a larger offset to the integrator that yields a lower calculated peak force shown in Figure 15a . Figure 15b has a different response in that the shorter time constant for 2 performs better. The drift rate is much shallower, but is still prevalent. Both values also have a force error starting at 10 s before drifting. This can be accounted for by the lack of bias tracking during the force transients. If the slew noise was tending negative, then the force offset would be negative when time is at 10 seconds, and then the output would drift negative. Despite some drift, each one provides significant improvements on calculating the force compared to the regular LPF method whose results are shown in Figure 12 .
To review, the switched LPF method contributes to a significant improvement in force calculation above the normal LPF method by introducing two dynamically selectable time constants. Using this method however, the drift is not eliminated when exposed to a constant slew.
STATE MACHINE ESTIMATOR
The state machine method, whose block diagram is outlined in Figure 16 , operates in four different states or modes of operation. A diagram of the states is shown in Figure 17 with its corresponding next state equations and state functions described in Table 1 and Table 2 . The two primary states, 1 and 3, are similar to the two states of the switched LFP bias estimation method. The additional two states, 2 and 4, deal with transitioning between states 1 and 3. State 1 is the idle state where force is assumed to be unchanging. The bias value is estimated to be the low pass filtered value of the input signal using the time constant 2 . In this state no integration takes place, and no drift occurs due to phase shifts in the bias estimation or numerical round off. State 3 is the opposite. Integration takes place and the time constant of the bias estimator switches to 1 . As before, 1 can be chosen to be infinity such that the bias value is no longer updated, but instead is frozen. Therefore, integration only takes place when transients occur, and bias estimation only updates when there are no force transients.
States 2 and 4 are de-bouncing states that help to thwart false triggering of force transients or idle conditions. If not dealt with, random noise and spikes on the measurement line that exceeds the specified noise margin will be interpreted as a transient and then integrated. Over long time periods this may appear as another form of drift. Instead, states 2 and 4 have counters that only allow transitions between states 1 and 3 when the required next state conditions are met for a specified period of time. The timing is handled in software with counters that increment until a trip point is reached.
Another further improvement that is made in the bias estimation happens at the transition from state 2 to 3. During this transition, the bias estimate is reset to a previous value of the estimate. How far back the value is obtained is a design decision.
V. EXPERIMENTAL RESULTS
The digital charge amplifier (DCA) method of measuring the electric charge of piezoelectric sensors was implemented in hardware using the state machine bias estimator technique. For the brake application, a custom piezoelectric sensor was manufactured with its own housing. The entire housing system is depicted in Figure 18 . The material used in the custom sensor was PVDF with a thickness of 110 m and electrodes of silver ink. The sensor was cut from a sheet of this flexible material using a utility knife. A diagram of the sensor construction is shown in Figure 19 . The piezoelectric material is sandwiched between two blocks of aluminum and is in turn sandwiched between blocks of UHMW plastic. A hand-lever system, shown in Figure 20 was used to create the applied force to the sensor. As shown in Figure 20 , the force applied is through the vertical axis and is indicated by the large arrows. To provide a comparison of the piezoelectric-based sensing technique, a commercial load cell that utilizes a Wheatstone bridge as a means to sense force was also positioned within the hand press. The results of two studies that were run using the load cell and piezoelectric sensor compressed in the hand operated press are shown in Figures 21 and 22 . From both plots it can be seen that the piezoelectric sensor response closely matches that of the load cell in both steady-state and transient conditions. A final experiment was conducted to investigate the system response over a longer period of time. To create the results shown in Figure 23 , a mass that presents a force of 1,500 lbs due to gravity was placed on top of the sensor near the beginning of the test. The system was then left alone for roughly 3,000 seconds. The calculated piezoelectric force using the DCA remains constant after the mass is applied, and no drift appears. The measured force using the load cell does show a slight ramp up however. Since the load cell was purchased commercially and access to internal circuits was not limited, the source of drift in its output could not be established with certainty. However, it is likely the drift was due to changes in the reference voltage of an analog to digital converter that was part of the load cell circuitry. Nonetheless, the piezoelectric sensor connected to the DCA accurately captures the respective force and shows no sign of drift.
VI. CONCLUSIONS
In this paper, a new method to interface with a piezoelectric sensor for quasi-static force measurement is proposed. Using a so-called digital charge amplifier (DCA), the output signal from the sensor is sampled and integrated using digital techniques that include a drift compensation algorithm. Alternative drift compensation algorithms were considered. The final algorithm developed uses a state machine approach to monitor the sensor output and estimate bias errors that will cause the output to drift. Hardware results have been used to validate the practicality of the approach. 
